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MODELING OF MOTION OF THE DOMAIN WALLS IN FERROMAGNETIC
MATERIALS (A SURVEY)

V.R.Skal’s’kyi,' E.P.Pochaps’kyi,'” and N.P.Mel’nyk' UDC: 539.3/4: 620.179.14

We analyze basic approaches to the mathematical modeling of motion of the domain walls in ferromag-
netics under the influence of external magnetic fields. According to the results of synthesis of the litera-
ture data, we present an equation for the displacement of a domain wall with regard for the Brownian
distribution of the field. We also describe the available mathematical models constructed on the basis
of the dependences of the thickness of domain walls on mechanical stresses, which enable us to deter-
mine the maximum displacements of a domain wall and estimate the amplitude of magnetoelastic acous-
tic emission.

Keywords: domain wall, ferromagnetic material, density of the surface energy, mechanical stresses,
magnetoelastic acoustic emission.

The state of the objects intended for long-term operation in the Ukraine and, in particular, in the pipeline
transport, machine building, and thermal power engineering, requires regular diagnostics because most of these
objects have exhausted their design service life and should be replaced. To provide their trouble-free operation,
it is necessary to apply novel methods and means of diagnostics. Since the main part of structures is manufac-
tured of ferromagnetic materials, it seems of interest to combine the following physical effects: the action of ex-
ternal magnetic fields on the objects and the excitation of AE elastic waves formed in this case [magnetoelastic
acoustic emission (MAE)].

In 1907, Weiss [1] advanced a hypothesis that ferromagnetic materials consist of separate regions of spon-
taneous magnetization called domains. Moreover, the magnetization is regarded as homogeneous in each do-
main and the neighboring domains differ by its direction. In 1926, Langmuir analyzed these investigations [2, 3]
and formulated, for the first time, the definition of domain boundaries as layers with nonparallel spins separating
the domains with different orientations of their magnetization. In 1932, Bloch [4] constructed the first theory of
domain walls based on the assumption that, on the boundary of two domains, spins gradually change their direc-
tion from parallel to the magnetization vector of one domain to the direction parallel to the corresponding vector
of the other domain. This is caused by the fact that their exchange energy is proportional to the square of the
angle between them, and a sharp change in their direction in the domain wall results in a quick growth of
the exchange energy.

Depending on the change in the direction of magnetization vector, the domain walls are split into 180-
degree for which, in passing from one domain to another, the direction of magnetization changes by 180°, and
90-degree in which this direction changes only by 90° [5].

Numerous works (see, e.g., [6-10]) were devoted to the investigation of the applicability of MAE to the di-
agnostics of ferromagnetic materials.
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Fig. 1. Azimuthal rotation of spins in the domain wall [5].

In particular, the influence of the structure of materials and the hydrogen factor on the behavior of the
amplitudes of MAE signals in ferromagnetic materials was studied in [6, 7]. The effect of hydrogen on the mag-
nitude of Barkhausen jumps in these materials was considered in [8]. The state of ferromagnetic structures con-
taining plane cracks was investigated by the method of magnetoacoustic diagnostics in [9]. The Barkhausen
jumps were quantitatively estimated by using MAE signals in [10].

In general, the attention of the researchers was focused on the changes in the structure of ferromagnetics
under the action of quasistatic magnetic fields but, for efficient diagnostics of the state of structural elements,
it is necessary to have mathematical models capable of the quantitatively description of the formation of MAE in
the course of displacements of the domain walls in ferromagnetics.

The aim of the present work is to analyze and synthesize the well-known approaches to the mathematical
modeling of motion of the domain walls in ferromagnetic materials.

Mathematical Models of Motion of a Domain Wall

Domain Structure of a Ferromagnetic. The analysis of different types of interaction in ferromagnetics
confirms that its energy-favorable state is reached when a ferromagnetic specimen is separated into separate
regions of spontaneous magnetization (domains) so that its resulting magnetization is equal to zero. In the do-
main walls of ferromagnetics, spins change their direction from parallel to the vector of magnetization of one
domain to parallel to the vector of magnetization of another domain. The exchange energy of spins is propor-
tional to the square of the angle ¢ between them and rapid changes in their direction lead to a quick growth of
the exchange energy and, hence, the rotation of spins in the domain wall is smooth. The problem of gradual ro-
tation of the directions of spins in 180-degree domain walls was studied by Tikadzumi (Fig. 1) [5].



MODELING OF MOTION OF THE DOMAIN WALLS IN FERROMAGNETIC MATERIALS (A SURVEY) 755

90° . .

©0
7
7

/

-90° L/

-3 -2 -1

Fig. 2. Rotation of spins (changes in the angle @) in a 180-degree domain wall of a crystal with uniaxial magnetic anisotropy [5].
The exchange energy of a unit surface of the wall decreases as the thickness N of transition layer increases
because
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where J is the exchange integral (for ferromagnetics J >0), S is the value of spin, and a is the lattice constant.
At the same time, due to the deviation of spins from the axis of easy magnetization, the energy of magnetocrys-
talline anisotropy increases. However, this energy decreases as the domain wall becomes narrower:

Yo = KNa, (2)
where K is the constant of magnetocrystalline anisotropy.
In actual ferromagnetic crystals, the thickness of the domain walls is determined by the condition of balance

of the exchange energy and the energy of magnetic anisotropy. Hence, minimizing the total energy, we can de-
termine the direction of spins at different points of the analyzed domain wall:

JS*n?
'Yz'Yex""Ya:W"‘KNa. 3)

The paper [11] was devoted to the investigation of uniaxial anisotropy for a ferromagnetic material with
a single axis of easy magnetization (e.g., cobalt). In this case, the energy of anisotropy is

(@) = K, cos* ¢,

where K, is the constant of uniaxial anisotropy and the law of spin distribution has the form

¢
z= ,/ij‘ @ _ /ilntan(9+gj, 4)
K, jcos@ K, 2 4

where A is the constant of exchange interaction. As shown in [11], for its maximal value (at the point z =0),
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the angle ¢ between the spins rapidly changes. This is a smooth process if the spins are located along the axis
of easy magnetization or at a certain angle to this axis. Hence, as the thickness of the domain wall, we take its
value for which the angle ¢ is constant and does not change under the condition that the slope of the curve ¢(z)
inside the entire wall is the same as for z =0 (the dashed line in Fig. 2),i.e.,equal to /A/Ky .

On the basis of this model, Tikadzumi deduced the expressions for finding the thickness of the domain wall
in the ferromagnetic 6 = m\A/K, and its energy 7y = 4@ [5]. Hence, if the coefficient K, increases,
then the domain wall becomes narrower but its energy increases.

Frenkel and Dorfman were among the first who substantiated a quantitative theoretical hypothesis concern-
ing the regions of spontaneous magnetization, i.e., domains, where, in addition to the exchange energy, only the
energy of demagnetization field is taken into account, and formulated the following expression for the width of
the domain [12]:

I = (lod)"?. (5)

Here, d is the linear size of the specimen and [y ~ 107 cm.

Later, Landau and Lifshitz [14, 15] refined this approach and took into account the energy of magnetic
anisotropy computed according to the known results presented in [13]. As a result, they constructed a rigorous
theory of the domain structure of ferromagnetics, described, for the first time, the precession of the magnetic
moment with regard for attenuation, and proposed an expression for the thickness of boundary layer of the do-

main wall:
A 1/2
8 z[ 3] : ©6)
Kegra

where A is the exchange integral, K. is the effective constant of magnetic anisotropy, and the parameter a

has the dimension of length and the order of constant of the crystal lattice.

Model of Precession of the Magnetic Moment with Regard for the Parameter of Attenuation. Landau and
Lifshitz [14] derived the law of changes in the magnetization J of the domain walls in ferromagnetics:

aJ
§=Y[JXHeff]—(?—z)[JXUXHeff]], (7

where H.g is the effective magnetic field, y is the gyromagnetic factor, and o is the parameter of dissipa-
tion (attenuation). The precession of the magnetic moment starts when the magnetic field is switched on. In the
case where o =0, i.e., in the absence of attenuation, the magnetic moment begins to move along the lateral
surface of a cone for an infinitely long time (Fig. 3a). However, in the case of strong attenuation, it goes around
the field without making any rotations (Fig. 3c).

The surface density of energy of this domain wall is given by the formula

Ke A 1/2
m=(—f j : (8)

Its value and dependence on the coordinates play an important role in the investigation of the displacements
of domain walls. It is known that 180-degree domain walls and also the walls with mutually perpendicular di-
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F ig. 3. Precession of the magnetic moment in the field H : (a) without attenuation, (b, c) with weak and strong attenuation [16].

rections of spontaneous magnetization, i.e., 90-degree walls, are typical of multiaxial crystals. However, in the
actual crystals, there are structural defects and internal stresses [17—19] and, hence, the domain wall is located to
guarantee the minimum increment of energy in the course of its motion. Hence, the 180-degree domains
are located at the sites where the internal stresses, the coefficient K¢, and density of 7y , are minimum and
the 90-degree domains are located at the sites where the internal stresses change their sign because this corre-
sponds to the change in the direction of the axes of easy magnetization.

Potential-Energy Becker Model. In his monograph [20], Becker formulated a model of separate Barkhau-
sen jumps and described basic regularities of the appearance of these jumps as a result of the irreversible motion
of the domain walls. Since the initial position of domain walls in the absence of external magnetic fields under
the conditions of thermodynamic equilibrium determines the minimum of free energy of the ferromagnetic spec-
imen [21], in the statistical analysis of Barkhausen jumps, it is represented in the form of random and determin-
istic functions of the position of domain walls. In the case of motion of plane-parallel 180-degree domain walls
in the crystal, it suffices to take into account solely the energy of the domain wall and the energy of demagneti-
zation fields. If we place a crystal of this kind in a magnetic field of strength H parallel to the direction of

magnetization of the domains, then the thermodynamic equilibrium in the crystal is violated due to the appear-
ance of a force Fy because this leads to displacements of all domain walls. In view of the changes in the inter-

nal energies of the magnetization field (Fy ), demagnetization field (Fy), and boundary layer (Fy) observed

as the domain wall shifts by a distance dx, the new positions of the domain walls were determined in [20] from
the condition of balance of forces as follows:

Fy—F —Fy =0, ©)

where

_2NWOISS@) e g YD)
- . F =

Fy = 2S(x)JsH, Fy :
X0 ox
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Jg is the saturation magnetization, S(x) is the area of the domain that depends on its coordinate x, N(x) is
ay(x

4 A1)
X

Under the condition N(x) = const, one may decompose the internal forces into the deterministic F; and

random F, components. If the crystal structure is homogeneous, then the main role is played by the compo-
nent F, and the internal stresses O are expressed in terms of the parameter

a demagnetization factor, an is the gradient of density of the surface energy.

¥ =(KegtAla)'?, Ko = 0y +BAG,

where o and [ are coefficients constant for a given crystal, k; is the constant of crystallographic anisotropy,

and A is the magnetostriction constant. Moreover, if the structure is heterogeneous, then, in the presence of
defects, the contribution of the component

9S(x)
F=v ox

increases [20].
In the course of motion of the domain wall, the deterministic component is

Fy(x)=bx,

i.e., linearly varies, where b =2NJ szSO /xy and S is the area of the shifted domain wall, and the random com-
ponent

F.(x) = K(®,x)

has the form of a stationary random function of the argument x, where the quantity ® determines the law of

its distribution. It was proved that, for the Poisson distribution of defects and peaks of stresses in the crystal,
the function K(w,x) is normal [22].

Moreover, in [20], one can also find the following equation for the magnetic moment of the ferromagnetic
specimen in the presence of Barkhausen jumps:

m(t) = 2SoJsx(t), (10)

where x(¢) is the displacement of the domain wall, and the following equation of motion of the domain wall:

d? d
Mgt d—;+[3d—);+bx+ K(o,x) = 2SJsH (1), (11)
t

where mgg is its effective mass.

Model with Random Potential. Micromagnetic models give an adequate description of the rotations of
spins and magnetic anisotropy but fail to take into account the three-dimensionality of the problem, the range
of interaction, the effect of demagnetization, etc. To overcome these difficulties, it is customary to use new
approaches reflecting important aspects of the Barkhausen effect and, in particular, the random character of the
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Fig. 4. Schematic diagram of the domain wall that decomposes the specimen into two domains with opposite directions of magnetiza-
tion [33].

magnetic system. Thus, Néel proposed the first model with random potential for the investigation of the hyste-
resis loop in the Rayleigh region [23, 24] in which the random function was represented as the sum of parabolas
with random curvatures. However, this model disagrees with the experimental data because the random field is
not correlated and, hence, the distribution of jump sizes is exponential, whereas the tests confirm its power de-
pendence [25-29]. To get just the power dependence, it is necessary to consider correlated random fields.

ABBM-Model of the Equation of Motion with Strong Damping. The approach based on the Brownian dis-
tribution of the field was first formulated in [30, 31]. This theoretical model of motion of the domain walls in
ferromagnetic materials adequately describes the statistics of Barkhausen noises and is known as the ABBM-
model [32, 33]. On the basis of the analysis of motion of a single 180-degree domain wall that decomposes the
analyzed specimen into two domains with opposite directions of magnetization (Fig. 4), the following equation of
motion with strong damping (attenuation) was proposed for the behavior of magnetization:

‘;—"; = ¢t — km+W(m), (12)

where H =ct, c is the rate of growth of the external field H, m is the magnetoelastic energy, k is the co-
efficient of demagnetization, W (m) is a random field, and the damping factor is equal to one.
Some researchers specified the random field as a Brownian process and, taking into account the growth of

correlations, deduced an equation similar to the Langevin equation for random walks in a field with bounding
potential U(v)=kv—cln(v) [33]:

N _ €t fm), (13)
om Vv
where
_dn _aw
B dt’ fm= dm’

and f(m) is anoncorrelated random field with variance D.
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The total energy of the domain wall is formed by the magnetostatic energy and the energy of demagnetiza-

tion field:
Egy = Yo d*r1+| VG 0], (14)

where

Y = 2JAK = \Jok, +PAo

and h(7,t) is a function specifying the position of the domain wall.
Since actual materials always contain nonmagnetic inclusions, dislocations, and residual stresses, which

lead to the deformation and arrest of the domain walls, they are modeled by introducing random potentials
whose derivatives specify the force fields m(7,4) acting upon the domain walls. Moreover, the fluctuations of

the direction of anisotropy also contribute to the deceleration of the domain wall. These fluctuations are con-
nected with the changes in the surface energy y,,, which is a function of the location of the wall [34]

Y7, h)= v, +nF.h).
Taking into account all components of energy, we get the following equation of motion of the domain wall [33]:

oh(F,t)

= H- kh+y,V2h(F 0+ [ d*r KF = F)AE) = hF) +0i(F.1) (15)

where k = 4okM¢/V is the effective coefficient of demagnetization, Mg is the saturation magnetization, i, is

the magnetic permeability of vacuum, V is the volume of the domain, h= d2r'h(17’,t), and
g p y

2 "2
K7y = MoMs (1_3<z—z> J

17— 7| |7 -7
is the core of the dipole interaction. However, the following discrete analog of (15) is most often used for calcu-
lations:

‘”;" = ct—kh+J(h—h)+n;(h), (16)

where J is the effective pair interaction.
Finding the sum of Eqs. (16) over the number of centers of fixing of the domain wall i, we get an equation
for the total magnetization m similar to Eq. (12):

dm Al
— =& —km+Y ni(h, (17)
dt i=1

where ¢ =c/D, c is the growth rate of the external magnetic field and D is the variance of the noncorrelated
random field. The asymptotically statistical distribution of the velocity of motion of the domain wall v has the
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Fig. 5. Size distribution of the jumps of domain walls for different rates of changes in the magnetic field [35]: (1) ¢ = 0.0, (2) 0.125,
3)0.2, (4)0.25, (5)0.375, (6)0.6.

form of the Boltzmann distribution:

P(v,m — o) ~ exp(—Ul()v)] = y¢/P exp(—%). (18)

The distribution in the time domain obtained as a result of simple transformations takes the form [11]

k€'Pye!P=l exp (= kv/D)
D'PT(¢/D) '

P(v) = P(v,t > o) = (19)

Replacing the term 2511 n; in Eq. (17) by the effective field W (m) characterized by Brownian correla-

tion, we arrive at the following relation for the jump of the domain wall between two configurations [35]:
n
W(mn')=W(m) = 3 An; (20)
i=l

where the summation is performed over the positions of the domain wall in the course of its motion. In the
mean-field theory, this quantity is proportional to the size of the avalanche of jumps S =|m’— m|. If we as-

sume that the quantity Am; is not correlated and its signs are randomly distributed, then we get a Brownian
blocking field, which gives a quite efficient description of disordering caused by the collective motion of flexi-
ble domain walls [36]:

<|W(m')—W(m)|2> = D|m' —m|, 1)

where D quantitatively determines the fluctuation of W .

By using the Boltzmann distribution (according to the ABBM-model) (19), it is possible to conclude that,
under the condition ¢ <1, the domain wall moves as an avalanche, and the sizes of jumps and their duration are
distributed according to the power law (Fig. 5).

For ¢ >1, the motion of the wall is smoother with fluctuations decreasing as the rate ¢ increases and the
sizes of jumps S of the walls are distributed according to the law [35]
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P(S) ~ Sf(SiJ (22)
0

where Sy ~(H-H C)_I/G, O is a constant of the material, and T is the critical index.

The elastic displacements in the body caused by the sudden appearance of a bulk source of transformation
strains (without external mechanical stresses) [37] induced by magnetostriction (the jumps of 90-degree domain
walls) can be estimated by using the Eshelby approach [38]. In other words, if we fictitiously remove the mate-
rial of a part of the source by cutting along the surface covering this volume, then this material (inclusion) suf-
fers transformation deformation without changes in the level stresses inside the inclusion. Just these transfor-
mation strains A€, characterize the source of MAE.

In [37], this method was generalized for the dynamic problem of excitation of MAE. It was assumed that
AE is generated by the regions located near domain walls (Fig. 6a) [8]. Moreover, it was assumed that the zone
of rearrangement of the domain structure (due to the magnetostriction effect, this zone is a source of MAE) is
initially spheroidal with semiaxes a; and b (a; >b) and that the magnetostriction changes in the region of
remagnetization is symmetric about the point 0. As a result, the indicated region becomes elongated along the
Oz-axis and its major semiaxis becomes equal to a, (Fig. 6b). The increment of the volume of remagnetization

region is given by the formula

_ 4nb(a3 —a})
—

AV (23)

In [37], the authors deduced the formula for the component u, of displacement vector in the polar coordi-
nate system r,0 (the angle 6 is measured from the plane corresponding to the propagation of longitudinal elas-
tic waves caused by the changes in the domain structure of the ferromagnetic due to the Barkhausen effect) [8]:

2
uy = A0SO ee&i{Av(z—Lﬂ, (24)
4mpcir dt c

where A and p are the Lamé constants, p is the density of the medium, €, is a component of the strain
tensor, and c¢; is the velocity of longitudinal waves.

Thus, when the magnetic-field strength becomes critical, we observe jumps of the domain walls and the
displacements caused by these jumps can be estimated by using relation (24). The amplitude of MAE signals is
proportional to the transformation strains and to the rate of changes in the volume of the remagnetization region.
This result was experimentally confirmed in [40, 41], where a similar dependence was established by analyzing
the amplitude values of the recorded MAE signals.

In [8], the experimental investigations were carried out on plates 1100 x 45 x 0.2 mm in size made of
nickel and 30 steel. The following characteristics were established for nickel: linear magnetostriction Al =
10.0'10_3mm, increment of the volume AV = 9.0~10_2mm3, and for 30 steel: Al=1.6-10"mm and
AV =144-10"°mm>. According to the parameters of MAE, the maximum displacements were as follows:
U, :(1—4)~10_12m for nickel and (2—7)-10_14m for 30 steel [8]. The calculated values were equal
to 1281072 and 347-107%m, respectively. The following values of the parameters were used in these cal-
culations: p =8900kg/m>, E =210GPa, v =03, Al=10"°m, &,=91-10"7, V=10-10"m/sec, and
r=0.1-10"m for nickel; p=7800kg/m>, E =210GPa, v =028, Al=16-10"m, &, =146-10",
V=16-10"m/sec, and r=0.1-10"mfor 30 steel.



MODELING OF MOTION OF THE DOMAIN WALLS IN FERROMAGNETIC MATERIALS (A SURVEY) 763

LV
@ ® | -
: 0 N oy
b0a1 /-}al —

v
Hyppr, X b

X X

Fig. 6. Schematic diagram of the region of excitation of MAE (a) and its bulk source (b) [8].

CONCLUSIONS

The comparative analysis of the mathematical models of motion of domain walls in ferromagnetics reveals
great achievements in this field of investigations. However, the existing mathematical models are insufficient to
estimate single jumps of the domain walls and to determine the displacements of these walls as a result of Bark-
hausen jumps or the stresses causing these displacements. The location of the domain walls in ferromagnetic
materials in the absence of external magnetic fields is determined by internal forces and, in particular, by the
internal stresses caused by the deformations of the crystal lattice or by the inhomogeneous inclusions, magnetic
dissipative fields, dislocations, etc. If a specimen of material of this kind is placed in an external field, then
a hydrostatic pressure is formed in the wall separating two domains one of which is in a more energy advanta-
geous position than the other domain. The domain wall shifts until this pressure becomes equal to the internal
pressure. In the analyzed models, the role of internal pressure is played by the surface density of energy in the
domain wall. Its investigation requires special attention because it is connected with mechanical stresses (e.g.,
caused by dislocations). By using these mathematical models and the dependences of the sizes of jumps of the
domain walls on mechanical stresses, we can find the maximum displacements of the domain walls and, hence,
estimate the amplitudes of MAE signals.
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